BACKGROUND/OBJECTIVES: Consumption of whole-grain products is known to have beneficial effects on human health. The effects of whole-grain products on the intestinal microbiota and intestinal integrity have, however, only been studied limitedly. We investigate changes of the human gut microbiota composition after consumption of whole-grain (WW) or refined wheat (RW) and further study effects on gut wall integrity. SUBJECTS/METHODS: Quantitative PCR was used to determine changes in the gut bacterial composition in postmenopausal women following a 12-week energy-restricted dietary intervention with WW (N ¼ 38) or RW (N ¼ 34). Intestinal integrity was determined by measuring trans-epithelial resistance (TER) across a Caco-2 cell monolayer, following exposure to faecal water. RESULTS: No significant differences in microbiota composition were observed between the two dietary groups; however, the whole-grain intervention increased the relative abundance of Bifidobacterium compared to baseline, supporting a prebiotic effect of whole-grain wheat. Faecal water increased TER independent of dietary intervention, indicating that commensal bacteria produce metabolites that generally provide a positive effect on intestinal integrity. Combining microbiota composition data from the run-in period with its effect on TER revealed a tendency for a negative correlation between the relative abundance of Bifidobacterium and TER (P ¼ 0.09). This contradicts previous findings but supports observations of increased Salmonella infection in animal models following treatment with bifidogenic prebiotics.
INTRODUCTION
Consumption of whole-grain products is considered to have a beneficial effect on human health, by reducing the risk of developing cardiovascular disease, obesity, type II diabetes and specific types of cancer. 1, 2 The observed beneficial effects of whole-grain products on human health may in part be caused by modulation of the gut bacterial composition. Intake of whole-grain products provides substrate to specific groups of naturally colonizing bacteria, including groups generally considered to be positively associated with a healthy intestinal environment, such as bifidobacteria and lactobacilli. 3 Bifidobacteria have been shown to have beneficial effects on intestinal homeostasis either through direct contact with the epithelium or by production of specific metabolites. For example, conditioned media from B. infantis has been shown to decrease intestinal permeability in both in vitro and in vivo models, and the effect was attributed to peptide bioactive factors produced by bifidobacteria. 4 A bifidogenic effect is thus commonly interpreted as a prebiotic effect. In humans, use of whole-grain products as prebiotics has only been examined in a limited number of controlled dietary intervention studies. Increased numbers of faecal bifidobacteria and lactobacilli associated with consumption of whole-grain wheat (WW) cereals compared to wheat bran have been reported 5 and also a bifidogenic effect of maize-based whole-grain breakfast cereal has also been found. 6 Other studies do however not find any effect of whole-grain products on levels of bifidobacteria and lactobacilli, including a recent study of obese participants (BMI of 26-39 kg/m 2 ) with metabolic syndrome. 7, 8 A number of in vitro fermentation and colonic model studies also indicate a prebiotic effect of whole-grain products. [9] [10] [11] [12] Further investigations are needed to verify the potential prebiotic effect of whole-grain products compared to refined grain products. The effect of WW is especially important, as wheat is one of the most consumed grains world-wide. 2 Changes in bacterial composition in the gut may directly affect the host through interaction with the cells in the intestinal epithelium. Additionally, modulation of gut bacterial composition will result in changes in the metabolite profile in the intestine, which may also affect the intestinal epithelial cells and, potentially, intestinal integrity. 13 The epithelial cells in the intestinal wall and their lateral connection mediated by tight junction proteins provide a selective barrier. Permeability has been suggested to be determined by a pore pathway, which allows ions and uncharged solutes to cross the epithelial barrier and a leak pathway through which larger molecules may pass.
14 An increase in the leak pathway may thus increase translocation of macro-molecules and pathogens, resulting in adverse effects. Consumption of the bifidogenic prebiotic fructo-oligosaccharide is known to increase calcium uptake, but has also been connected to increased Salmonella translocation and/or infection in rodent models. [15] [16] [17] [18] Also, electrical conductance across rat caecum and colon has been positively correlated to calcium flux. 19 Previously, we reported the findings on the primary endpoints (adiposity and cardiovascular risk markers) of a randomized energyrestricted dietary intervention (refined vs whole-grain wheat 20 ).
In the present study, we explored changes in gut bacterial composition caused by the energy-restricted diet enriched with WW or RW. In addition, we investigated correlations between abundances of specific bacterial taxa with anthropometric and clinical measures and evaluated effects of faecal water on intestinal integrity using trans-epithelial resistance (TER).
MATERIALS AND METHODS

Study design
The study was conducted subsequent to an open-label parallel intervention study of 12-weeks duration. 20 Briefly, 79 overweight or obese postmenopausal women (BMI, 27-37 kg/m 2 , age 45-70 years) were randomly allocated to consume either WW or RW for 12 weeks after a 2-week run-in period, during which all participants were provided with RW. In total, 72 participants completed the study (WW; N ¼ 38, RW; N ¼ 34), with no difference between the groups in any of the determined baseline characteristics. 20 During the study, all participants consumed an energyrestricted diet (deficit of at least 1250 kJ/day). The intervention foods were designed to replace approximately 2 MJ of the participant's habitual diet and consisted of bread, pasta and biscuits providing 105 g of whole grain daily (WW) or no whole grain (RW). This study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the Ethical Committee of the Capital Region of Denmark (KF 01 290502). Written informed consent was obtained from all participants.
Collection and handling of faecal samples Participants collected one or two faecal samples in 48 h during the last week of the run-in period and the intervention period. Samples were homogenized 1:1 in water and stored at À 80 1C until analysis. 20 This study includes the analysis of the first sample from both time points for 37 participants from the WW group and 33 participants from the RW group. Faecal homogenates were thawed and centrifuged (18 500 g, 15 min, 4 1C). Pellets were used for DNA extraction using Mobio PowerLyzer PowerSoil DNA isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA). Faecal water was obtained by combining faecal water from the same time point and following a second centrifugation of the supernatants (13 000 g, 15 min, 4 1C), sterile filtration and frozen at À 20 1C. Faecal water from 14 (WW) and 11 (RW) participants were used for further analysis.
Quantitative PCR
Relative abundances, prevalence and fold changes were determined for 11 bacterial taxa (Table 1 ) by use of quantitative PCR (qPCR) targeting regions within the 16 S rRNA genes as described for the Gut low-density array. 21 Seven primer sets were selected to determine the overall composition of the bacterial community. Four species-specific primer sets targeting bifidobacterial species were included to determined prevalences within this genus. The primers Prev-F and Prev-R were designed based on alignments of 16 S rRNA genes from type species within the Prevotella genus and other genera within the Bacteroidetes phylum by use of the CLC Main Workbench software (CLC bio, Aarhus, Denmark). Primers were tested for specificity both in silico by use of Primer-BLAST 22 and by qPCR. Data obtained from qPCR were analysed as described 21 by use of the SDS 2.2 (Applied Biosystems, Foster City, CA, USA) and LinRegPCR version 11.1 software using default settings. 23, 24 Average N 0 -values were determined for two technical replicates. The relative abundance for each specific bacterial group was calculated by division with the average N 0 -value obtained with a universal bacterial primer set on the same community DNA target. A calculated relative abundance of 0.001% was used as detection limit. For fold change calculations and correlations the relative abundance was set to 0.0005% for bacterial groups not reaching the limit of detection. Fold changes were not calculated if both samples were below the detection limit.
Cell culture
The Caco-2 cells (passage 29-45) were routinely cultured in MEM media (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Lonza, Basel, Switzerland), 1% non-essential amino acids (Invitrogen) and 100 mg/ml gentamicin in 5% CO 2 atmosphere at 37 1C with media change every second or third day and passed when above 70% confluence. For TER, Caco-2 cells were trypsinized, centrifuged (800 g, 10 min) and diluted to 2 Â 10 5 cells/ml in media without gentamicin. A volume of 500 ml cell suspension was seeded in the apical compartments of Transwell permeable supports (Corning, New York, NY, USA, 3460, 0.4 mm, diameter 12 mm) Whole grain wheat affects the gut microbiota EG Christensen et al with 1.5 ml cell free growth media in the basolateral compartments. Two inserts in each plate, not seeded with cells, were used for background resistance. Cells were cultured for 21 days, allowing cell differentiation. The day before, the TER assay media was changed and 400 ml growth media was added to the apical compartment.
Trans-epithelial resistance assay
Differentiation of the Caco-2 cells was monitored in one well by measuring TER using a Millicell ERS-2 volt-ohm meter (Millipore, Billerica, MA, USA) following the manufacture's instructions but with pre-heating of the electrode. Wells with absolute TER4900 O were deemed fully confluent and differentiated and thus included in the experiments. TER was measured at time 0 and 24 h, following addition of 100 ml pre-heated faecal water or sterile MilliQ water (control). Faecal water collected from the same person was used in the same plate. Experiments were conducted in duplicate or triplicate in different plates. The measured TER for each sample was corrected by subtracting the mean resistance in the two blank wells in the plate. The unit area TER was determined by multiplying with the membrane surface area (1.12 cm 2 ). Fold changes in TER over 24 h were subsequently determined and normalized to the changes in TER of the controls. For each collection time and each individual an average of the normalized change in TER was calculated.
Anthropometric and clinical measures
Anthropometric and clinical measures were all obtained as previously described. 20 
Statistical methods
Statistical analysis was conducted in GraphPad Prism 5.0. D'Agostino & Pearson omnibus normality test were used. Differences in fold changes for bacterial groups between the groups were evaluated with one-way ANOVA with Kruskal-Wallis test and Dunns post-test. Changes in the relative abundance of bacterial groups during the intervention were assessed with the Wilcoxon Signed Rank test, by comparing the mean log 2 transformed fold changes to a hypothetical value of zero (indicating no change). Changes in TER were assessed by one-sample t-test comparing with a hypothetical mean of 1. Differences in TER between dietary groups were determined by unpaired t-test. Correlations between relative abundances of bacterial groups and TER, faecal pH and cardiovascular risk markers were determined using Pearson's correlations. Correlations with Po0.05 were considered significant and Po0.10 a trend.
RESULTS
Faecal bacterial composition
Fold changes of the seven bacterial groups were determined for each individual and mean log 2 transformed fold changes were calculated (Figure 1) . No significant differences in microbiota composition were observed between the two dietary groups. The WW intervention, but not the RW intervention resulted in an increase in abundance of Bifidobacterium (P ¼ 0.04) compared to baseline. A decrease in abundance of Bacteroides (P ¼ 0.04) compared with baseline was found in the RW group. None of the other five bacterial groups showed significant changes in abundance following the 12-week intervention; however, a decrease in abundance was observed for Firmicutes (P ¼ 0.02), when data for all individuals were analysed collectively.
The prevalences of the genus Bifidobacterium and four bifidobacterial species were determined (Figure 2) . Individuals found to harbour specific bifidobacterial species before the intervention period mostly harboured the same species after the 12-week intervention (data not shown).
Trans-epithelial resistance The exposure of a Caco-2 cell monolayer to faecal water resulted in a significant mean increase in TER for WW and RW samples obtained at run-in and after the intervention (Figure 3 ). There was no difference in the effect of faecal water between the dietary groups after the intervention (P ¼ 0.76). Overall, a 7.5% increase in Figure 1 . Observed fold changes in bacterial groups following intervention with whole-grain wheat (WW; grey) and refined wheat (RW; white). Mean log 2 transformed fold changes for the individuals in the two dietary groups are shown with error bars for s.e.m. No differences between dietary groups were found. * significant differences from a hypothetical value of 0 (change compared with baseline) according to the Wilcoxon Signed Rank test (P ¼ 0.04 for Bifidobacterium (WW) and P ¼ 0.04 for Bacteroides (RW)). Figure 1) . None of the other bacterial groups showed significant correlations with the determined anthropometric measures.
DISCUSSION
In the present study, intake of the WW diet, but not the RW diet, was shown to increase the mean relative abundance of bifidobacteria compared to baseline after the 12-week dietary intervention study, indicating a prebiotic effect of WW (Figure 1 ). This finding is consistent with a recent cross-over study (N ¼ 31) in humans receiving wheat bran or WW breakfast cereals for 3 weeks 5 and further supported by in vitro studies. 11, 12 Together with our findings this supports the prebiotic potential of WW products.
In the present study, the abundance of the Bacteroides genus was reduced in the RW group following the intervention but did not change in the WW group. This is consistent with another recent study, which reports decrease in abundance of Bacteroidetes spp. following intake of white wheat bread but not wholegrain and fiber-rich rye bread. 7 The authors suggest this to be caused by removal of rye bread from the diet. The decrease in relative abundance of Bacteroides indicates that the two-week runin period was not sufficient to allow a steady state for the gut microbiota potentially due to the energy-restricted diet. The observed changes in bacterial composition in this study may thus be caused by the different types of wheat, the energy restriction or their combination. Combining fold-change data of bacterial groups for all participants irrespectively of diet showed a decrease in the relative abundance of Firmicutes compared with baseline, which could be attributed to the energy-restricted diet and subsequent weight loss in both groups. 20 This finding is consistent with the previous finding that ob/ob mice had higher levels of Firmicutes compared to lean mice 25 and that obese humans have a higher abundance of Firmicutes than lean humans. 26 The overall prevalence of the four bifidobacterial species (Figure 2) was not altered by the dietary intervention and showed that B. longum and B. adolescentis were the most prevalent, which is consistent with previous reports for the adult populations. 27, 28 Faecal water on average increased TER by 7.5% irrespectively of intervention diet, indicating that the complex community in the gut may in general cause increased intestinal integrity. Faecal water recovered from adults and elderly (both males and females) have in a recent study been assessed in a very similar assay, revealing an average increased TER by 4% in adults (39 ± 9.7 years) and decrease by 5% in elderly (76 ± 7.5 years). 29 Here, subjects included in the faecal water analysis had an average age of 60.0±5.6 years, placing them between the two mentioned age groups, indicating that the previously reported negative effect of faecal water may be associated with age above 60 years. Higher concentrations of acetic-and propionic acid and total SCFA in adults compared to the elderly have previously been found, which may result from an age-dependent change in gut bacterial composition. 29 A tendency for a negative correlation between TER and relative abundance of Bifidobacterium was shown in the present study. This contradicts previous in vitro studies, which have shown a positive effect of whole-cell Bifidobacterium and conditioned media on TER in cell assays. 4, 30, 31 Other studies have attributed increased levels of bifidobacteria in the gut to increased gut integrity. One example of this is a study showing that an increase in Bifidobacterium in ob/ob mice due to prebiotic treatment resulted in a decrease in gut permeability. 32 However, several studies [15] [16] [17] [18] 33, 34 also observe increased Salmonella translocation and/or infection in rodents in vivo following intake of bifidogenic oligosaccharides, which could be caused by a reduction in epithelial integrity in the gut, as shown by Ten Bruggencate et al. 17 We speculate that any negative correlation between Bifidobacterium and TER may be connected to metabolic cross-feeding between different bacterial groups, resulting in changed abundances of other bacteria that may influence TER. Such effects will not be revealed in in vitro fermentation models based on bifidobacterial monocultures. Links between fiber-induced increased levels of Bifidobacterium and intestinal permeability in healthy human males have been studied previously, but no alterations of intestinal permeability were reported. 35 It should be noted that increased intestinal permeability may in some circumstances be beneficial to the host organism, as, for instance, calcium flux has been shown to be positively correlated to the conductance across intestinal sections from rats. 19 We looked for correlations between anthropometric and biochemical measures and relative abundances of the seven bacterial groups quantified from faecal samples collected during the run-in period and thus occurring independently of diet. The relative abundance of Bifidobacterium was found to be positively correlated to body fat mass percentage and trunk fat percentage, and a similar tendency was observed for fat mass ( Figure 5 ). These findings suggest that high numbers of bifidobacteria are associated with adiposity, which could be explained by better utilization of energy due to metabolism of, for example, dietary fibres. Additionally, we found a negative correlation of the relative abundance of Bacteroidetes to body fat mass percentage as well as to trunk fat percentage ( Figure 5 ). Consistently, we found a reduction of Bacteroides in the RW group, which is previously reported to have a smaller reduction in body fat percentage than seen in the WW group during the intervention. 20 Lastly, we observed a negative correlation between Firmicutes and both systolic and diastolic blood pressure, which warrants further study. Overall, the identified correlations between members of the gut microbiota and host anthropometric and biochemical measures provide interesting new insights into bacterial/host interactions; however, more focused studies are needed to address issues of causality. 
